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QPCT regulation by CTCEF leads to sunitinib resistance
in renal cell carcinoma by promoting angiogenesis
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Abstract. Sunitinib is widely used as a first-line treat-
ment for advanced renal cell carcinoma (RCC). However, a
number of patients with RCC who receive sunitinib develop
drug resistance; and the biological mechanisms involved in
resistance to sunitinib remain unclear. It has previously been
suggested that the protein glutaminyl-peptide cyclotransferase
(QPCT) is closely related to sunitinib resistance in RCC.
Thus, in the present study, in order to further examine the
molecular mechanisms responsible for sunitinib resistance in
RCC, sunitinib-non-responsive and -responsive RCC tissue
and plasma samples were collected and additional experi-
ments were performed in order to elucidate the molecular
mechanisms responsible for sunitinib resistance in RCC. The
upstream and downstream regulatory mechanisms of QPCT
were also evaluated. On the whole, the data from the present
study suggest that QPCT, CCCTC-binding factor (CTCF)
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and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha (PIK3CA) may be used as targets for predicting,
reversing and treating sunitinib-resistant RCC.

Introduction

Renal cell carcinoma (RCC) is one of the most common malig-
nant tumors of the urinary system, accounting for 2-3% of
adult malignancies (1). The incidence of RC is increasing each
year (2). The early diagnosis of RCC is challenging; 20-30% of
patients with RCC are diagnosed with metastases at the time
of initial diagnosis (3-5). Surgical resection remains the most
effective treatment for early-stage RCC, while immunotherapy
and radiotherapy are commonly used for advanced-stage
carcinoma. However, these treatment methods are associated
with severe side-effects (6,7). Recently, targeted therapy has
become increasingly popular for treating patients with RCC.
The receptor tyrosine kinase inhibitors (TKIs) repre-
sented by sunitinib are the first-line treatment approach
for advanced-stage RCC (4). Sunitinib is known to exhibit
antitumor and anti-angiogenic activities. It blocks vascular
endothelial growth factor receptor (VEGFR), platelet-derived
growth factor receptor (PDGFR), KIT and other important
molecules affecting cell growth and survival (8-11). Although
targeted drugs have greatly improved the therapeutic prospects
of advanced-stage RCC, drug resistance has gradually reduced
the clinical effects of targeted drugs. Approximately 20% of
patients with RCC prescribed with sunitinib have been reported
to develop innate resistance, while the majority of patients
develop secondary resistance after 6-11 months (12,13). The
molecular and biological mechanisms involved in sunitinib
resistance remain unclear, and there are no effective biomarkers
for predicting resistance, at least to the best of our knowledge.
In a previous study, the authors screened out the protein
glutaminyl-peptide cyclotransferase (QPCT), which is closely
related to sunitinib resistance in RCC, using high-throughput
sequencing data and subsequent validation experiments (14).
The QPCT gene encodes glutamyl peptidyltransferase, which
modifies the protein by transforming N-terminal glutamic acid
into pyroglutamine. This renders proteins more resistant to
protease degradation, becoming more hydrophobic and neuro-
toxic, and thus easier to aggregate (15). In the present study, in
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order to further elucidate the molecular mechanisms respon-
sible for sunitinib resistance in RCC, sunitinib-non-responsive
and -responsive RCC tissue and plasma samples were collected,
and additional experiments were performed to elucidate the
molecular mechanisms responsible for sunitinib resistance
in RCC.

Materials and methods

Patients with RCC and clinical samples. Patients with RCC
who underwent surgical resection prior to receiving adjuvant
therapy at Jinling Hospital (Nanjing, China) from 2010 to
2018 were enrolled in the present study. All patients signed
informed consent forms before participating in the study,
and the study was approved by the Ethics Committee of
Jinling Hospital. The accession number for this approval was
2020DZGZRZX-008. The expression of QPCT was detected
in 20 pairs of sunitinib-resistant and -sensitive RCC tissues.
The details of the patients are presented in Table SI.

To investigate the association between QPCT expression
and sunitinib responsivity, tissue samples were collected from
128 patients (including the 20 pairs of sunitinib-resistant and
-sensitive RCC tissues mentioned in Table SI) with advanced
clear cell RCC (ccRCC) who received no other treatment
between July, 2010 and February, 2018. The sunitinib group
(n=72) received at least two cycles of targeted therapy, while
the control group (n=56) received no treatment. These ccRCC
tissues were constructed into a tissue microarray, and the
expression of QPCT was detected by immunohistochemistry.
The details of the patients are presented in Table SII.

To investigate the association between the QPCT content
in peripheral blood of patients with RCC and sunitinib reac-
tivity, plasma samples from patients (including the 20 pairs of
patient plasma samples mentioned in Table SI) with sunitinib
resistance and sensitivity were collected at Jinling Hospital
from 2010 to 2018. The details of the patients are presented
in Table SIII.

Cell lines and reagents. Human RCC cell lines, including
OS-RC-2 (cat. no. TCHu40), A498 (cat. no. HTB-44), 786-O
(cat. no. TCHul86), ACHN (cat. no. TCHu199), KETR-3
(cat. no. CRL-1161) and human umbilical vein endothelial
cells (HUVEGCs, cat. no. CRL-1730) were obtained from
the Chinese Academy of Sciences (Shanghai, China) or the
American Type Culture Collection (ATCC). The A498 and
ACHN cells were cultured in MEM (10-010-CV, Corning,
Inc.) supplemented with 10% fetal bovine serum (FBS,
16000044, Gibco; Thermo Fisher Scientific, Inc.), and the
other RCC cells were cultured in RPMI-1640 (10-040-CV,
Corning, Inc.) supplemented with 10% FBS. HUVECs were
cultured in DMEM (Corning, Inc.) containing 10% FBS.
The cells were grown in a single layer on a plastic cell
culture dish in humidified air containing 5% CO, at 37°C.
Sunitinib was purchased from Shanghai Selleck Chemicals
Co., Ltd. MG132 and cycloheximide (CHX) were obtained
from Apexbio Technology, LLC. Recombinant human
glutamine peptide loop transferase/QPCT (6368-Zn) was
obtained from R&D Systems. Matrigel matrix basement
membrane matrix (354234, BD Biosciences) was purchased
from Corning, Inc.

Animal experiments. A total of 16 BALB/c male nude
mice, 4 weeks old, weighing ~20 g, were obtained from the
Shanghai Institute of Material Medical (Chinese Academy
of Science, Shanghai, China). The mice were maintained
under pathogen-free conditions in accordance with relevant
guidelines and regulations for the care and use of laboratory
animals, with the approval of the Institutional Animal Care
and Use Committee at Jinling Hospital and the accession
number for this approval was 2020JLHGKJDWLS-47.

A total of 7x10° 1v-PIK3CA and Iv-NC 786-O cells
(obtained via transfection as described below) were subcutane-
ously inoculated into the left and right side of male athymic
BALB/c nude mice (4 weeks old). All the mice were housed
in an environment with a temperature of 22+1°C, a relative
humidity of 50+1% and a light/dark cycle of 12/12 h. The mice
had free access to food and water. At one week after the injec-
tion of tumor cells, the animals were randomly assigned to
the control or experimental groups (n=4 mice/group). When
the xenografts reached 100 mm?, sunitinib (40 mg/kg/day) or
saline (control) was used for intragastric administration. Tumor
size was monitored at five-day intervals. Xenograft tumor
volumes were measured using a vernier caliper and individu-
ally calculated using the following formula: Volume=axb?/2
(‘a’ represents length and ‘b’ represents width). Xenograft
tumor samples were collected for histological evaluation
(paraffin-embedded sections) or were snap-frozen in liquid
nitrogen. A total of 16 mice participated in the experiment
and no mice died during the experiment. The animal experi-
ment lasted for eight weeks and the mice were sacrificed eight
weeks following inoculation. The mice were anesthetized
by an inhalation of isoflurane. Isoflurane was added into the
evaporator of an anesthesia machine and the percentage of
isoflurane was adjusted in the mixed gas (the concentration of
isoflurane was 5%). After ~1 min, the mice were placed in the
induction box. The induction box was then closed and the mice
were fully anesthetized, which took ~2 min. The induction
box was gently shaken to determine whether the mice were
completely anesthetized. If the bodies of mice turned over to
the side position and the mice did not try to resume the prone
position, this indicated that the mice were completely anesthe-
tized. The mice were then sacrificed by cervical dislocation
under anesthesia to reduce their pain. All animal experiments
(including the mouse euthanasia procedure) were conducted
according to the AAALAC and the IACUC guidelines.

RNA extraction, cDNA preparation and reverse transcription-
quantitative polymerase chain reaction (RT-qPCR). Total
RNA was extracted from cells and tissues using TRIzol reagent
(Takara Bio, Inc.), according to the manufacturer's instruc-
tions. Total RNA quality was assessed using a Nanodrop
2000 and agarose gel electrophoresis. First-strand cDNA
was generated from 2 pug of total RNA using M-MLV reverse
transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.) with
random primers. Quantitative PCR (qPCR) was performed
on triplicate samples in a reaction mix of SYBR-Green
(Takara Bio, Inc.) using the ABI 7900HT Fast Real-Time PCR
System (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The conditions of PCR denaturation, annealing and exten-
sion were respectively 94°C 60 sec, 37°C 60 sec, and 72°C
120 sec. The expression of indicated genes was normalized
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to the endogenous reference control, f-actin, using the 2-44¢4
method (16). The primers were synthesized by Sangon Biotech
(Shanghai) Co., Ltd. Each qRT-PCR reaction was performed
in triplicate. The primer sequences were as follows: QPCT
forward, 5-"AAATTGCAGAAGGCACCAGT-3' and reverse,
5'-CTGAATTCGCTGCATGATGT-3'; CCCTC-binding
factor (CTCF) forward, 5'-CTGCTGTGGACGATACCC-3'
and reverse, 5'-GCAAGGCCCTCTTTAGAC-3'; phosphati-
dylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
(PIK3CA) forward, 5'-CATGCATTGTTTTGCACCCC-3'
and reverse, 5~ ATGGAAGACGGGAGATTCACAT-3' and
B-actin forward, 5'-CTGGTGCCTGGGGCG-3' and reverse,
5-AGCCTCGCCTTTGCCGA-3.

Western blot analysis. Briefly, RCC cells or tissues were
lysed to obtain proteins using RIPA buffer (EMD Millipore).
The BCA method was used to determine the protein
concentration, Total RCC cell and RCC tissue lysates were
prepared in 1X sodium dodecyl sulphate (SDS) buffer.
Identical quantities of protein (20 ul) were separated by
10% SDS gel electrophoresis and transferred onto nitrocel-
lulose filter membranes. The membranes were blocked with
5% non-fat milk for 2 h at room temperature and incubated
with specific antibodies overnight at 4°C. Following incuba-
tion with antibodies specific for QPCT (ab201172, Abcam,;
1:1,000), PIK3CA (ab40776, Abcam; 1:1,000), ubiquitin
(3936, Cell Signaling Technology, Inc.; 1:1,000), AKT (4691,
Cell Signaling Technology, Inc.; 1:1,000), p-AKT (4060, Cell
Signaling Technology, Inc.; 1:1,000) and GAPDH (sc-25778;
Santa Cruz Biotechnology, Inc.; 1:2,000), the blots were
incubated with IRDye 800-conjugated goat anti-rabbit IgG
(2095, Li-Cor Biosciences Inc.; 1:1,000) for 1 h in the dark
at room temperature, and bands were detected using an
Odyssey infrared scanner (Li-Cor). Odyssey software (V1.01,
Li-Cor Biosciences Inc.) was used for densitometry. GAPDH
was used as the loading control. Each western blot analysis
experiment was repeated three times.

ELISA. A 25 ng/well of capture antibody goat-anti QPCT
(PA5-112679, ThermoFisher) was coated over night at 4°C.
The wells were blocked for 2 h by the addition of 200 ul
blocking buffer [protein free (TBS) blocking buffer (37570,
Thermo Fisher Scientific, Inc.)] and then washed three
times using 300 ul of wash buffer [protein free T20 (TBS)
blocking buffer (37571, Thermo Fisher Scientific, Inc.)].
Standard peptides (PeproTech, Inc.) and samples (human
plasma) were diluted using dilution buffer [protein-free T20
(TBS) blocking buffer)] and 100 ul were applied onto the test
plate. The incubation of test samples and standard peptides
was performed for 2 h at room temperature and the plate
was then washed three times using wash buffer. Thereafter,
wells were washed three times with 300 ul of wash buffer
and the chromogen SureBlue (KPL, Inc.) was applied in a
volume of 100 ul to each well and incubated in the dark. After
30 min, the reaction was abrogated using 50 pl Stop Solution
(1.2 N H2S504) and absorption was determined at 450 nm.
The absorbance was recorded at 450 nm using a microplate
reader (Varioskan Flash; Thermo Fisher Scientific, Inc.). The
reference wavelength of 550 nm was subtracted from sample
absorption at 450 nm.

Cell transfection and lentivirus infection. Transfections were
performed using a Lipofectamine RNAiMAX Transfection
Reagent kit (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instructions. Small inter-
fering RNAs and negative control RNAs were introduced
into ACHN and OS-RC-2 cells at 75 pmol per well in six-well
plates and the cells were grown in humidified air containing
5% CO, at 37°C. The cells were harvested at 48 h following
transfection. CTCF siRNA was synthesized by GenePharma,
Inc., with a sequence of si-CTCT1, 5-GUGGUACCAUGA
AGAUGCATT-3' (forward) and 5'-UGCAUCUUCAUGGUA
CCACTT-3' (reverse); si-CTCT2, 5'-GGCAAGACAUGC
UGAUAAUTT-3' (forward) and 5'-AUUAUCAGCAUGUCU
UGCCTT-3' (reverse). A non-silencing siRNA oligonucleotide
that does not recognize any known mammalian gene homolog
(GenePharma, Shanghai, China) was used as a negative control.

QPCT-overexpressing, PIK3CA-overexpressing and
control lentiviruses were produced by Obio Technology
(Shanghai) Corp., Ltd. The CDS sequence containing QPCT
or PIK3CA was amplified by PCR and cloned into the
lentiviral vectors, pLVX-CMV-QPCT-3FLAG-PGK-Puro or
pLVX-CMV-PIK3CA-3FLAG-PGK-Puro, to construct the
QPCT-overexpressing or PIK3CA-overexpressing lentivi-
ruses. The concentration and purification of lentivirus wase
divided into primary purification and ultracentrifugation.
The concentrations of QPCT-overexpressing lentiviruses
and PIK3CA-overexpressing lentiviruses were 7.17x10%
and 5.26x108, respectively. The QPCT or PIK3CA knock-
down lentiviruses and control lentiviruses were constructed
for a siRNA. The lentiviral vector used was LKDO0OI
pLKD-CMV-Puro-U6-shRNA. The concentration of QPCT
knockdown lentiviruses and PIK3CA knockdown lentiviruses
were 1.39x10°and 2.28x10°, respectively. CTCF-overexpressing
and control lentiviruses were produced by Hanbio
Biotechnology Co., Ltd. The CDS sequence containing
CTCF was amplified by PCR and cloned into the lentiviral
vector pHBLV-CMV-MCS-3flag-EF1-puro to construct the
CTCF-overexpressing lentiviruses. The concentration of
CTCF-overexpressing lentiviruses was 3.15x10%. The appro-
priate amount of lentiviruses (1:1,000) was transfected into
RCC cells. The cells were grown in humidified air containing
5% CO, at 37°C and the medium was changed after 48 h. After
the cells were infected with lentiviruses for 72 h, 1.5 ug/ml
puromycin was selected for stable transformation screens.
RT-qPCR was used to verify the transfection efficiency of the
lentiviruses.

Immunohistochemistry. The sections were heated at 70°C for
1 h, dewaxed in xylene, and dehydrated through a gradient
concentration of alcohol. After retrieving and blocking
endogenous peroxidase and non-specific staining with 3%
H,0, and normal bovine serum, the sections were incubated
with primary antibody overnight at 4°C. The slides were then
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibody (HS101-01, TransGen Biotech, 1:500)
for 10 min at 37°C. Finally, the sections were visualized by
diaminobenzidine (DAB) solution for 15 min at 37°C and then
counterstained with hematoxylin. Two pathologists blinded to
the patient outcomes independently scored the staining inten-
sities and percentages of positive tumor cells. The results of
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immunohistochemistry were observed using an optical micro-
scope (ZTX-3S-C2, AS ONE Corporation). Specimens were
stained with antibodies to QPCT (ab201172, Abcam, 1:100),
PIK3CA (ab135384, Abcam, 1:100), CD31 (ab28364, Abcam,
1:50) and CD34 (ab110643, Abcam, 1:100).

Chromatin immunoprecipitation. Chromatin immunopre-
cipitation was performed using the EZ ChIP Chromatin
Immunoprecipitation kit for cell line samples (EMD
Millipore) according to the manufacturer's instructions. 786-O
and KETR-3 cells (1x107 cells) were cross-linked with 1%
formaldehyde and incubated for 10 min at 37°C. ChIP assay
was performed according to the manufacturer's protocol using
monoclonal Anti-CTCF antibody (ab128873, Abcam; 1:100)
or normal rabbit IgG as a negative control (ab172730, Abcam,
1:100). An aliquot of lysates (20 ul) was used as an input
control. DNA enrichment was determined by quantitative
PCR (qPCR), and was normalized to the input using the ABI
7900HT Fast Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The sequence for Primerl
(containing the CTCF binding QPCT site) was as follows:
Forward, 5'-GTGTATTTCCAGGCAAGCCC-3' and reverse,
5'-CCACCCACTCACTCTGTCTTC-3".

Human proteome microarray assay. The HuProt microarray
assay (17,18) and data analysis were performed by Wayen
Biotechnologies (Shanghai), Inc., according to the following
procedure. The HuProt microarray (CDI Laboratories, Inc.)
comprises 20,240 human full-length proteins with N-terminal
glutathione S-transferase (GST) tags. Human proteome
microarrays (HuProtTM 20 K) were blocked with blocking
buffer (1% BSA and 0.1% Tween-20 in TBST) for 1 h at room
temperature with gentle agitation. The QPCT protein was
labelled with biotin with an Antibody Array assay kit (Full
Moon BioSystems, Inc.) and was then diluted to 0.01 mg/ml
in blocking buffer and incubated on the blocked proteome
microarray at room temperature for 1 h. The microarrays
were washed three times for 5 min each with TBST, incubated
with streptavidin-CyS5 at a dilution of 1:1,000 (Thermo Fisher
Scientific, Inc.) for 1 h at room temperature and subjected
to three more 5-min washes. The microarrays were spun
dry at 1,500 rpm for 3 min and subjected to scanning with
a GenePix 4000B (Axon Instruments, Inc.) to visualize and
record the results. GenePix Pro 6.0 was used for data analysis.
GO (Biological Process, Molecular Function, Cellular
Component) and KEGG_Pathway analysis were conducted for
the proteins that bound to QPCT.

Co-immunoprecipitation. Co-immunoprecipitation (co-IP)
was performed according to the manufacturer's instructions
(Pierce Co-Immunoprecipitation kit, Thermo Fisher Scientific,
Inc.). RCC cells with indicated treatment were used for one
immunoprecipitation reaction. Briefly, cells were lysed in
a series of buffers and centrifugation steps to obtain lysate
supernatant. Indicated antibodies were covalently coupled onto
an amine-reactive resin and used to bait the corresponding
proteins. Antibodies against QPCT (sc-517122, Santa Cruz
Biotechnology, Inc., 1:50) and PIK3CA (4255, Cell Signaling
Technology, Inc.; 1:50) were incubated for 12 h at 4°C and then
incubated with IRDye 800-conjugated goat anti-rabbit IgG

(2095, Li-Cor Biosciences Inc.; 1:1,000) for 1 h in the dark at
room temperature, and bands were detected using an Odyssey
infrared scanner (Li-Cor).

In vitro Matrigel tube formation assay. HUVECs (5x10° cells
per well) were seeded onto Matrigel plates (containing
200 ul Matrigel) and cultured for 12 h at 37°C in 5% CO,.
Capillary-like structures were evident and counted using a
phase-contrast microscope (Shanghai Optical Instrument
Factory), and the networks formed by HUVECs were quanti-
fied using ImageJ software V1.8.0.112 (National Institutes
of Health). The group incubated with exogenous VEGF
(RP-87723, Gibco; Thermo Fisher Scientific, Inc.; 10 uM) was
used as the positive control group and the purified QPCT cyto-
kines (rthQPCT, 6368-ZN-010, R&D Systems, Inc.; 10 xM)
was used.

Statistical analysis. SPSS 22.0 software (SPSS, Inc.) was
used for all statistical analyses in the present study. Data are
expressed as the mean + standard deviation (SD). Depending
on the type of data, the appropriate statistical methods were
used. A two-tailed t-test or non-parametric Mann-Whitney U
test was used for comparisons between two groups. Analysis
of variance or Kruskal-Wallis was used for comparisons
among multiple groups. Dunnett's test was used for post hoc
evaluation analysis. Pearson Chi-squared test was applied to
analyze clinical variables. Kaplan-Meier survival analysis
was used to compare the effects of QPCT dichotomous
expression on the survival rate of patients with RCC using
the log-rank test or Renyi test if the hazard rates crossed.
A P-value <0.05 was considered to indicate a statistically
significant difference.

Results

QOPCT expression is increased in the sunitinib-non-responsive
RCC tissues and plasma, and patients with RCC with a high
QOPCT expression have a poor response to sunitinib. The
present study first selected 20 pairs of sunitinib-non-responsive
and -responsive RCC tissue samples to detect QPCT expres-
sion at the mRNA and protein level. It was found that QPCT
expression was upregulated in the sunitinib-non-responsive
RCC tissues (Fig. 1A and B). Immunohistochemistry was then
performed to detect QPCT expression in a tissue microarray,
including 128 RCC tissue samples. Once again, QPCT expres-
sion was upregulated in the sunitinib-nonresponsive RCC
tissues (Fig. 1C).

QPCT can be secreted by tumor cells (14,15). ELISA of
patients with RCC who had a favorable or adverse response
to sunitinib therapy revealed elevated plasma QPCT levels
in patients who did not respond to sunitinib (Fig. 1D). Since
QPCT was functionally involved in the sunitinib reaction of
RCC cells, the expression of QPCT in the tissue microarray
including 128 RCC samples was detected by immunohis-
tochemistry, and the association between the QPCT content
and RCC response to sunitinib treatment was analyzed by
combining the prognostic information of the patients. It was
found that sunitinib treatment extended the progression-free
survival (PFS) of patients with RCC (Fig. 1E, left panel), while
patients with a low QPCT expression in tumor tissue had a
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Figure 1. In the sunitinib-non-responsive RCC tissues and plasma, QPCT expression is increased, and patients with RCC with a high QPCT expression have
a poor response to sunitinib. (A) mRNA expression of QPCT in 20 pairs of sunitinib-non-responsive and -responsive RCC tissues. (B) Results of western
blot analysis of QPCT protein in 20 pairs of sunitinib nonresponsive and responsive RCC tissues. (C) Representative immunohistochemical results of QPCT
expression in sunitinib-non-responsive and -responsive RCC tissues (scale bar, 100 ym; left panel), and percentage of samples nonresponsive and responsive
to sunitinib at different QPCT levels (right panel). (D) ELISA of plasma QPCT levels in patients with RCC at Jinling Hospital. (E) Kaplan-Meier analysis of
PFS for all patients (P=0.0207) (left panel). Kaplan-Meier analysis of PFS in patients with a high QPCT expression (P=0.5125) (middle panel). Kaplan-Meier
analysis of PFS in patients with low QPCT expression (P=0.0264) (right panel). The results are presented as the mean + SD. "P<0.05. RCC, renal cell
carcinoma; QPCT, glutaminyl peptide cyclotransferase; PFS, progression-free survival.
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Figure 2. CTCF binds to the QPCT promoter region, negatively regulating its expression. (A) ChIP analysis demonstrated that CTCF binds to the promoter
region of QPCT. (B) QPCT mRNA expression in ACHN and OS-RC-2 cells 72 h following CTCF knockdown, and in a control group (n=3). (C) QPCT protein
expression in ACHN and OS-RC-2 cells 72 h following CTCF knockdown, and in a control group (n=3). (D) QPCT mRNA expression in CTCF overexpressed
786-0 and KETR-3 cells and control cells (n=3). (E) QPCT protein expression in CTCF-overexpressing 786-O and KETR-3 cells and control cells (n=3).
Results are presented as the mean + SD. "P<0.05, “P<0.01. CTCF, CCCTC-binding factor; QPCT, glutaminyl peptide cyclotransferase.

more significant improvement in PFS after receiving sunitinib  sunitinib treatment (Fig. 1E, middle panel). Therefore, QPCT
compared to the control group (Fig. 1E, right panel). However, = expression was suggested as an independent predictor of the
patients with a high QPCT expression did not respond well to  sunitinib response in patients with RCC.
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P<0.01.

In a previous study, the authors found that the downregula-
tion of QPCT expression enhanced the sensitivity if RCC to
sunitinib, while its overexpression promoted RCC resistance
to sunitinib in vitro and in vivo (14). However, the mechanisms
through which QPCT induces sunitinib resistance in RCC
remain unclear. Thus, the present study aimed to elucidate
these mechanisms.

CTCF binds to the QPCT promoter region, negatively regu-
lating its expression. Through transcription factor prediction,
it was found that CTCF may be one of the transcription
factors regulating QPCT expression. Through ChIP assay, it
was confirmed that CTCF could bind to the QPCT promoter
region; the possible binding site was -1,050 bp of the ATG
transcription start codon (Fig. 2A). To thoroughly explore
the function of CTCEF, the expression of CTCF was exam-
ined in RCC cell lines by RT-qPCR (Fig. SIA) and CTCF
expression was then suppressed utilizing two siRNAs against
CTCF in the ACHN and OS-RC-2 cell lines (Fig. 3A). QPCT

expression was upregulated following interference with CTCF
(Fig. 2B and C). Subsequently, CTCF was overexpressed in
the 786-0O and KETR-3 cell lines (Fig. 3B). QPCT expres-
sion was downregulated when CTCF was overexpressed
(Fig. 2D and E). This indicated that CTCF negatively regulated
the expression of QPCT.

Overexpression of QPCT promotes tumor angiogenesis. In
the xenograft tumors formed from QPCT-overexpressing and
control 786-0 cells (14), it was found that the expression of
CD31 and CD34 significantly increased when QPCT was
overexpressed (Fig. 4A). Therefore, it was suggested that
QPCT can promote angiogenesis in RCC. Moreover, one of
the sunitinib targets in the treatment of RCC is the inhibi-
tion of tumor angiogenesis. Hence, it was hypothesized that
when QPCT was overexpressed, the ability of sunitinib to
inhibit angiogenesis would be suppressed. In order to verify
this hypothesis, tube formation assays were carried out using
HUVEGC:s (the total tube length was calculated using ImageJ
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software). Knowing that QPCT can be secreted extracellularly
by RCC cells (14,15), HUVECs were incubated with culture
supernatant from RCC cells stably overexpressing QPCT
(Fig. 3C). The results revealed that the HUVECs formed more
tubes compared with the negative control group, while there
was no significant difference between the experimental group
and the positive control group (cell cultured with VEGF added
to the culture medium) (Fig. 4B).

As RCC cells can secrete a variety of factors extracel-
lularly (11,13,14), the present study chose to add the purified
QPCT cytokines (thQPCT) into the HUVEC culture medium.
Similarly, it was found that HUVECs cultured with thQPCT
formed more tubes compared with the negative control
group (Fig. 4C).

QPCT can bind with PIK3CA. To clarify the mechanisms
underlying the role of QPCT in sunitinib resistance in RCC, a
human proteome microarray consisting of 20,240 full-length
human proteins and N-terminal glutathione S-transferase
(GST) tags was used to search for proteins that interact with
QPCT. A total of 366 proteins were detected (14). Information
on proteins that may bind to QPCT is presented in Table SIV.
In the Kyoto Encyclopedia of Genes and Genomes/Genome
Ontology (KEGG/GO) database, it was found that QPCT bound
to PIK3CA, a key proto-oncogene in the PI3K/AKT signaling
pathway. The protein encoded by PIK3CA was a subunit of
the PI3K enzyme. PIK3CA was involved in the PI3K/AKT
pathway, which plays a crucial biological role in cell growth,

proliferation, apoptosis, angiogenesis, autophagy and other cell
processes. The disruption of this pathway leads to a range of
diseases, including cancer (19-21). The present study verified
the results of ChIP with co-IP, and PIK3CA was proven capable
of combining with QPCT (Fig. 5A). QPCT co-localized with
PIK3CA in the cytoplasm, as shown by immunofluorescence
staining and laser confocal microscopy, thus further confirming
the binding of QPCT with PIK3CA (Fig. 5B).

Overexpression of PIK3CA promotes sunitinib resistance in
RCC. To verity the role of PIK3CA in resistance to sunitinib in
RCC, the expression of PIK3CA was examined in RCC cell lines
by RT-qPCR (Fig. SIB) and PIK3CA was then overexpressed in
the 786-O and A498 cell lines (Fig. 3E). Subsequently, 7x10°
Iv-PIK3CA and Iv-NC 786-0 cells were inoculated subcuta-
neously into the left and right side of male athymic BALB/c
nude mice. When the xenografts grew to 100 mm?, sunitinib
(40 mg/kg/day) or saline (control) were used for intragastric
administration in the mice. The results revealed that the tumor
xenografts formed from RCC cells overexpressing PIK3CA
exhibited worse responses to sunitinib (Fig. 6A). It was also found
that the expression levels of CD31 and CD34 were upregulated
in the tumor tissue overexpressing PIK3CA (Fig. 6B).

PIK3CA plays a role in angiogenesis in RCC. Similarly, data
were obtained in vitro. PIK3CA expression was suppressed
utilizing a shRNA against PIK3CA in the 786-O and A498
cell lines (Fig. 3F). Significantly lower tube formation was
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found when the HUVECs were incubated with the culture  tube formation increased when the HUVECs were incubated
supernatant of RCC cells in which PIK3CA was knocked  with the culture supernatant of RCC cells overexpressing
down compared with the positive group (Fig. 7A). By contrast, =~ PIK3CA compared with the negative control group (Fig. 7B).
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These results were consistent with those of certain previous
studies suggesting that PIK3CA overexpression promotes
angiogenesis (19-22).

QPCT enhances the stability of PIK3CA by reducing the
degradation of PIK3CA ubiquitination. As QPCT mediates
the post-translational modification of proteins by converting
N-terminal glutamate to pyroglutamate, it renders proteins
more resistant to protease degradation. The present study
found that PIK3CA expression was upregulated in RCC cells
that stably overexpressed QPCT (Fig. 8A), while PIK3CA
expression was downregulated when QPCT was knocked down
(Fig. 8B). In addition, immunohistochemistry of xenograft
tumors derived from QPCT-overexpressing and control 786-O
cells also indicated that PIK3CA expression was upregulated
in response to QPCT overexpression (Fig. 8C). Through the
chase experiment with CHX, it was found that QPCT inhibited
the degradation of PIK3CA, and when QPCT was overex-
pressed, the half-life of PIK3CA was significantly prolonged,
indicating that the overexpression of QPCT enhanced the
stability of PIK3CA (Fig. 8D). In addition, ubiquitin analysis
revealed that the overexpression of QPCT attenuated PIK3CA
ubiquitin in the sunitinib-treated RCC cells (Fig. 8E).

OPCT regulates angiogenesis through PIK3CA, and p-AKT
levels are upregulated when PIK3CA is overexpressed. By the
‘rescue method’, it was found that the knockdown of PIK3CA
in QPCT-overexpressing cells weakened the tube formation
ability of HUVECs (Fig. 9A). Furthermore, the overexpres-
sion of PIK3CA in cells in which QPCT was knocked down
promoted tube formation of HUVECs (Fig. 9B). Therefore,
it was suggested that QPCT promotes angiogenesis through
PIK3CA. In the PIK3CA-overexpressing RCC cells, although
the total AKT expression remained unaltered, p-AKT levels
were upregulated, representing the activation of the PI3K/AKT
signaling pathway (Fig. 9C). On the whole, it was confirmed
that QPCT enhanced the stability of PIK3CA by reducing its
ubiquitination, thus promoting angiogenesis and resulting in
sunitinib resistance in RCC.

Discussion

The mechanisms of drug resistance can be divided into the
following: The activation of angiogenic signaling pathways,
the change in the tumor microenvironment, the enhancement
of tumor invasion and metastasis, the role of microRNAs
and the activation of other signaling pathways (23). Previous
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research has demonstrated that angiogenic factors are
upregulated in patients resistant to sunitinib (24). In fact,
anti-angiogenesis-induced hypoxia activates the mTOR
signaling pathway, promotes HIF production and activates
the transcription of HRE-containing genes, including VEGF,
PDGF, transforming growth factor (TGF)-a, erythropoietin
(EPO), matrix metalloproteinase (MMP)-1, epidermal growth
factor receptor (EGFR), hepatocyte growth factor receptor
(HGFR)/cMET, cyclin DI, stromal cell-derived factor (SDF)1
and CXCR4. In addition, the key role of the changes in the
tumor microenvironment in sunitinib-resistance RCC has
also been confirmed (25). Some researchers have highlighted
the role of pericytes in sunitinib resistance in RCC. Pericytes
grow and cover endothelial cells after inhibiting VEGF (26).
The QPCT gene encodes glutamylpeptidyl transferase, which
modifies proteins by converting N-terminal glutamate to pyro-
glutamine. This renders the protein more resistant to protease
degradation, making it hydrophobic, neurotoxic, and easier to
aggregate (15). At present, there are limited studies available
on QPCT in tumors. Few have reported the role of QPCT in
thyroid cancer (27-29) and melanoma (30). In the present
study, it was found that QPCT was strongly associated with

sunitinib resistance in RCC. QPCT expression was increased
in sunitinib-resistant RCC tissues and plasma, and high QPCT
levels predicted a poor response to sunitinib in patients with
RCC. It was further confirmed that the downregulation of
QPCT enhanced the sensitivity of RCC cells to sunitinib, while
its overexpression promoted resistance in vitro and in vivo (14).
Through transcription factor prediction and ChIP assay
verification, it was found that the transcription factor CTCF
binds to the QPCT promoter region and negatively regulated
its expression. CTCF, Zinc-finger protein, is a multifunctional
transcription factor widely expressed in eukaryotes (31). CTCF
is a nuclear protein, which is widely spread across cell types.
CTCF is a multifunctional transcription factor that regulates
gene expression through various mechanisms, including the
recruitment of other coactivators and binding to target gene
promoter regions. Genetic alterations in CTCF have been found
in a number of types of cancer, such as liver cancer, lung cancer,
stomach cancer and breast cancer (32-34). The elimination of
CTCEF confirms the multifunctional state of the protein, which
is an important factor in transcriptional regulation, unique
ring formation, and maintenance of chromatin structure, and
is involved in protein complexes, such as adhesion proteins in
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interchromatin and chromatin inner rings (32-35). Abnormal
CTCEF expression has been found to induce a number of
diseases or disorders, including various types of cancer (31,36).
In particular, the downregulation of CTCF is positively associ-
ated with the dysregulation of CpG methylation patterns around
genes known to be involved in tumorigenesis such as tumor
protein P53 (TRp53), DNA methyltransferase 1la (DNMT4a),
Runt-related transcription factor 1 (RUNX1) and CTCF] (37).
DNA methylation in CpG regions near CTCF regulatory genes
(including oncogenes) leads to unusable CTCF binding (31).
This is consistent with our previous research results (14). It
was found that in sunitinib-resistant RCC tissues, the meth-
ylation level of the QPCT promoter region was significantly
changed (14), which may affect the binding of CTCF with
the QPCT promoter region, thus affecting the expression of
QPCT. Cancer genome sequencing revealed multiple acquired
mutations in CTCF, which turned out to be a tumor suppressor
gene. Thus, tumor growth is enhanced in the absence of CTCF
regulation of the relevant genes. The dysfunction of CTCF can
alter many cancer-related genes epigenetically (31,38).

Through human proteome microarray, co-IP, immunofluo-
rescence staining and confocal laser microscopy observation,
the present study found that QPCT bound to PIK3CA, and
PI3K/Akt/mTOR was one of the main intracellular signaling
pathways. PI3K signals regulate various cellular functions,
including translational regulation of cell proliferation,
survival, protein synthesis, glucose metabolism, cell migration
and angiogenesis (39-43). The disruption of this pathway leads
to a range of diseases, including cancer (44). PI3K/Akt/mTOR
pathway plays an important role in the regulation of angiogen-
esis in normal and cancerous tissues (19-22,39). PI3K proteins
are a family of lipid kinases that are activated in growth factor
receptor tyrosine kinases (RTKs) and G-protein coupled
receptor signaling. PIK3CA is the most commonly associ-
ated gene in huma cancers that has been shown to contain
oncogenic mutations or amplifications (45).

In conclusion, the data of the present study suggested
that QPCT, which was negatively regulated by CTCF, could
enhance the stability of PIK3CA by reducing its ubiquitina-
tion, thus promoting angiogenesis and leading to sunitinib
resistance in RCC. Therefore, QPCT and PIK3CA may prove
to be novel targets for the treatment or reversal of sunitinib
resistance in RCC.
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